The Drosophila Y chromosome is a degenerated, heterochromatic chromosome with few functional genes. Nonetheless, natural variation on the Y chromosome in Drosophila melanogaster has substantial trans-acting effects on the regulation of X-linked and autosomal genes. However, the contribution of Y chromosome divergence to gene expression divergence between species is unknown. In this study, we constructed a series of Y chromosome introgression lines, in which Y chromosomes from either Drosophila sechellia or Drosophila simulans are introgressed into a common D. simulans genetic background. Using these lines, we compared genome-wide gene expression and male reproductive phenotypes between heterospecific and conspecific Y chromosomes. We find significant differences in expression for 122 genes, or 2.84% of all genes analyzed. Genes down-regulated in males with heterospecific Y chromosomes are significantly biased toward testis-specific expression patterns. These same lines show reduced fecundity and sperm competitive ability. Taken together, these results imply a significant role for Y/X and Y/autosome interactions in maintaining proper expression of male-specific genes, either directly or via indirect effects on male reproductive tissue development or function.
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evolution | regulatory divergence | male fitness T he Y chromosome in Drosophila melanogaster comprises ∼40 MB of sequence (∼20% of the male genome), but contains fewer than 20 protein-coding genes, most of which are specialized male reproductive genes (1) (2) (3) (4) (5) . The vast bulk of the chromosome is comprised of large blocks of repetitive sequences, including large microsatellite repeats, transposable element-derived sequence, and bobbed, the Y-linked rDNA array (6) . The heterochromatic and gene-poor nature of the Y chromosome is consistent with theoretical models that predict rapid degeneration and specialization for male-specific functions of Y chromosomes in the absence of recombination (7) (8) (9) . Furthermore, the hemizygous nature of the Y chromosome, combined with the lack of recombination, makes it uniquely susceptible to population genetic processes that reduce genetic variation and limit adaptation (10) (11) (12) (13) .
As predicted by theory, little or no SNP polymorphism exists in single-copy protein-coding sequences on the Y chromosome (7, (14) (15) (16) . However, several cytological forms of the Y chromosome segregate in at least some species of Drosophila (17) , and molecular evidence also suggests that the Y chromosome is not monomorphic. Variation exists for the size of repetitive DNA blocks (18, 19) , and Y-linked genetic variation associates with variation in organismal phenotypes, including thermal tolerance of spermatogenesis (20, 21) and male mating success (22) . Nonetheless, direct tests of association between variation at the rDNA locus and phenotypes reveal no significant effect (18) and theoretical predictions suggest that nonneutral variation on the Y chromosome can only be maintained under very restrictive conditions (23, 24) . We have previously shown that Y-linked genetic variation segregating within D. melanogaster has transacting effects on the expression of hundreds of autosomal and Xlinked genes (25-27), a phenomenon known as Y-linked regulatory variation (YRV). Collectively, these genes are more likely to be male-biased in expression and to diverge in expression between species (25), and are likely mediated at least in part by variation in rDNA sequence on the Y chromosome (28) .
Over longer time scales, empirical results suggest the Y chromosome is evolutionarily dynamic. Gene content on the Y chromosome has changed dramatically during the course of Drosophila evolution: only 3 of the 12 Y-linked genes in D. melanogaster that have been studied carefully are Y-linked in all 10 sequenced Drosophila genomes with homologous Y chromosomes (3). Additionally, at least part of the Y-linked gene kl-2 appears to have duplicated in the Drosophila simulans lineage after divergence from its common ancestor with D. melanogaster (16) . Repetitive DNA on Drosophila Y chromosomes has also diverged rapidly. The Y-linked rDNA cistrons in D. melanogaster are absent in the D. simulans species complex (29) , and both D. melanogaster and D. simulans appear to carry at least one species-specific Y-linked simple-sequence repeat (30, 31) .
What, if any, functional consequences arise from this rapid diversification between species is less clear, given the small number of Y-linked genes. Introgressions of Y chromosomes from D. simulans into Drosophila sechellia or between Drosophila mauritiana and D. simulans produce sterile or nearly sterile F2 males (32, 33) ; however, D. sechellia Y chromosomes can be successfully introgressed into a D. simulans background (31, 32) . These males, although not sterile, have lower fecundity after repeated mating to virgin females (33) , reduced sperm displacement ability (33) , and shorter sperm (34) . Although it is clear these phenotypes must ultimately derive from disruptions of interactions between the Y chromosome and the autosomes or X chromosomes, the mechanistic basis for these effects is unknown.
In this study, we constructed an independent set of Y chromosome introgression lines, in which either D. sechellia or D. simulans Y chromosomes were introgressed into a common laboratory D. simulans background. We show that male reproductive phenotypes are disrupted in heterospecific Y chromosome introgressions. We also measured genome-wide gene expression in these introgression lines, and identified a suite of testesspecific genes that are down-regulated in lines with heterospecific Y chromosomes. (Fig. 1A) , a significant difference (χ 2 = 6.86, df = 1, P value = 0.0088). In sperm competition tests, Y[sec] males sire only 9.4% of offspring when they are the first male to mate (defensive sperm competitive ability, P1) and 67.2% when they are the second male to mate (offensive sperm competitive ability, P2), compared with 21.1% and 87.2% for Y[sim] males ( Fig. 1 B and C) . In both cases, the effect of species is significant (P1: χ 2 = 7.62, df = 1, P value = 0.0058; P2: χ 2 = 4.31, df = 1, P value = 0.0379). These results are consistent with and extend earlier reports suggesting defects in reproductive phenotypes of Y chromosome introgression lines (33, 34) . We did not find significant differences between Y[sim] and Y[sec] lines for relative male viability [line 092 females: Fisher's Exact Test (FET) P value = 0.547; w501 females: FET P value = 0.252], time to copulation (z-score = −0.79, P value = 0.43) or copulation duration (χ2 = 0.8428, df = 1, P value = 0.3586).
Results

Introgression
Patterns of Gene Expression Depend on the Species of Origin of the Y
Chromosome. We measured whole-genome gene expression, using custom printed D. melanogaster cDNA arrays. After preprocessing and filtering to remove low-quality or divergent probes, we fit a linear contrast using the R/Bioconductor package Limma to test for Y-linked regulatory divergence (YRD) between the four Y[sim] lines and the four Y[sec] lines. We detected differential expression of 122 genes (2.84% of the 4,299 genes analyzed) at a 10% false-discovery rate (FDR); using a 5% or 1% FDR results in significant differential expression of 73 and 12 genes, respectively. Although we discuss the 10% FDR results below, our conclusions are qualitatively identical with more conservative cutoffs. The magnitude of change is not extreme: log 2 fold-change ranges from −0.597 to 0.974 (Fig. S1 ). Differentially regulated genes are widely distributed across the genome, occurring on all major autosomes (excluding the fourth, for which only 19 genes passed QC filtering, and the Y chromosome, for which no probes passed our QC filtering), in proportions not significantly different from those expected by chance (χ 2 = 2.88, df = 5, P value = 0.7178) ( with 24.7% of nonregulated genes and 14.6% of up-regulated genes. We also examined patterns of tissue specificity of expression for these genes using a measure of tissue specificity calculated from D. melanogaster tissue-specific expression data (37) , which discriminates clearly between testes-specific and nonspecific genes ( Fig. S3 ) (see Materials and Methods for details). Down-regulated genes have a significant excess of testisspecific genes compared with other genes: 77.4% of down-regulated genes for which we have D. melanogaster tissue-specific expression data are testes-specific, compared with 14.5% of nonregulated genes and only 3.6% of up-regulated genes (χ 2 = 165.82, df = 2, P value < 2.2 × 10 −16 ) (Fig. 2B) . Overall, genes with testes-specific expression in D. melanogaster, male-biased expression in D. simulans, presence in the D. melanogaster sperm proteome (38) , or male-sterile phenotypes (39) represent 83.6% of the total down-regulated gene set but only 28% of the nonregulated set and 23.9% of the up-regulated set (down-regulated vs. nonregulated: FET P value < 2.2 × 10 −16 ; up-regulated vs. nonregulated: FET P value = 0.496).
Little is known about many of the significantly down-regulated genes beyond data from genomic screens: only 23 of the 55 down-regulated genes have any functional annotations in FlyBase. However, comparison of stage-specific expression patterns in D. melanogaster spermatogenesis (40) shows that 39 of 55 down-regulated genes (70.9%) have their highest mRNA levels in the distal region of the testis, which is enriched for postmeiotic cell populations (elongating spermatid cysts and individualized spermatid bundles); only 30.6% and 31.3% of nonsignificant and up-regulated genes, respectively, have their highest mRNA levels in the distal part of the testis (χ 2 = 41.2, df = 2, P value = 1.12 × 10 −9 ). A close examination of those cases for which functional annotations exist supports the hypothesis that it is primarily spermiogenesis/terminal differentiation genes and sperm structural components that are down-regulated in Y[sec] lines. Two of the top five most strongly down-regulated genes are Mst84Da and Mst84Db, which are members of a four-gene cluster (Mst84Dc is also significantly down-regulated; we do not have expression data for Mst84Dd) that, when deleted in D. melanogaster, reduces the number of motile sperm produced by the fly (41). The Mst84D cluster, as well as other down-regulated genes Mst98Cb and Mst77F, are canonical terminal differentiation genes (42) . Several important structural constituents of spermincluding S-Lap1, S-Lap4 (43), and Mst98Cb (44)-are also down-regulated in Y[sec] lines. Notably, late-stage spermatogenesis genes appear to be predominant among misexpressed genes in sterile hybrids in both Drosophila (45) and mouse (46) .
Genes Up-Regulated in Y[sec] Lines Relative to Y[sim] Lines Are
Involved in Metabolic Processes. Genes that are expressed at a higher level in introgression lines carrying heterospecific Y chromosomes are functionally distinct from down-regulated genes. We analyzed Gene Ontology (GO) categories to test for overrepresentation among both down-regulated and up-regulated subsets. Although there are no GO categories significantly overrepresented among the down-regulated subset (likely because testes-specific genes that have no other functional information are unannotated in GO), we find several GO categories related to oxidative phosphorylation and glucose metabolism overrepresented among the up-regulated set (Table 1 and Fig.  S4 ). In addition, we find a significant overrepresentation of genes specifically expressed in the midgut among the up-regulated gene-set (Fig. 3) , although this is not nearly as dramatic an effect as the testisspecificity observed among down-regulated genes. These genes include several maltases (Mal-A1, Mal-A7, Mal-A8), serine-type endopeptidases (CG17571 and CG7542), and a lipase (CG6295). ). The −log 10 P values for variation in D. simulans and D. sechellia are also highly significantly correlated (Spearman's ρ: 0.175, P value < 2.2 × 10
−16
). There is significant overlap between genes with evidence for YRD and for YRV in either D. simulans or D. sechellia (FET P value: 8.3 × 10
−10
). There is also significant overlap among genes previously shown to be affected by YRV in D. melanogaster (25) and genes affected by YRD (FET P value: 6.5 × 10 −11 ), within-D. simulans YRV (FET P value: 3.97 × 10 −11 ), and within-D. sechellia YRV (FET P value: 0.00124). Testis-specific and midgut-specific genes are also overrepresented among the D. simulans YRV gene set (FET P value < 2.2 × 10
) and the previously published D. melanogaster YRV gene set (FET P value = 2.1 × 10
−9
). These findings suggest that the Y chro-A B Full results are presented as Fig. S4 . There are no GO terms significantly enriched among the down-regulated gene class.
mosome acts to regulate a common set of genes involved in spermatogenesis and metabolic processes across a wide variety of contexts.
Discussion
The Y chromosome, although heterochromatic and gene-poor, is an important regulator of gene expression within species (25, 47) , and intraspecific variation on the Y chromosome has been linked to several organismal phenotypes (20) (21) (22) . Here, we show that interspecific divergence on the Y chromosome is an important component of gene expression and phenotypic evolution. We find that 2% to 3% of the genome is disrupted in expression in Y introgression lines, and that these genes are clustered into very specific functional groups: genes down-regulated in the presence of a heterospecific Y chromosome are testis-specific genes involved in the late stages of spermatogenesis, and genes up-regulated in the presence of a heterospecific Y chromosomes are midgut-specific genes and oxidative phosphorylation genes involved in metabolic processes. We also find that male reproductive phenotypes are disrupted in heterospecific Y introgression lines: males from Y[sec] lines have significantly reduced lifetime fecundity and sperm competitive ability. It is interesting to note that these phenotypic differences (and the lack of difference in male viability and copulation onset and duration) are consistent with the observed gene expression differences of the genes down-regulated in Y [sec] lines. The gene expression changes point to disruption of sperm formation, potentially affecting sperm number and structure. Likewise, we observed phenotypic differences in the traits most likely to be affected by defects in sperm number and structure, but no differences in other traits that we measured. Heterospecific introgressions may have increased lifespans relative to conspecific introgressions (33) , which, when combined with our observation of increased expression of metabolic genes in heterospecific introgressions, suggests the possibility of a trade-off between reproductive and nonreproductive (metabolism, longevity) phenotypes mediated by the Y chromosome.
At least two hypotheses are consistent with the observed association between gene expression and phenotype in heterospecific Y chromosome introgression lines. On the one hand, divergent factors on the Y chromosome could lead to dysfunctional testes, and this gonadal dysfunction could then lead to changes in gene expression, as for example is observed in D. melanogaster/D. simulans hybrids (48) . In this case, the gene expression differences we observe could be the consequence of the phenotypic disruption. Alternatively, direct interactions between the Y chromosome and one or more mis-regulated genes could be disrupted in heterospecific introgressions, leading to direct mis-regulation. In this case, the gene expression differences we observe could be the cause of the phenotypic disruption. Disentangling direct and indirect effects, and the direction of causality between expression mis-regulation and phenotypic disruption, especially in interspecific hybrids where gonadal dysfunction is probable, remains a challenge (49) , and in this case further work is needed to clarify the mechanistic basis of the associations we observe. However, we note that the consistent overrepresentation of testes-and midgut-biased genes among not only those genes differentially expressed between Y[sim] and Y[sec] lines, but also among genes that vary in expression among Y[sim] lines and among D. melanogaster Y chromosome replacement lines, where gonadal dysfunction is unlikely, argues against gene expression differences as solely a consequence of underlying tissue disruption.
The genes that are down-regulated in males carrying a heterospecific Y chromosome appear to be biased toward a specific subset of testes-expressed genes: terminal differentiation/spermiogenesis genes, and in particular those that function postmeiotically, such as Mst84D, Mst98C, and Mst77F (41, 42, 44, 50, 51) . It is becoming increasingly clear that disruption of genes that function postmeiotically plays a major role in hybrid male sterility (52) . Cytological characterization of sterile male hybrid testes in D. sechellia × D. simulans F1 offspring reveals significant postmeiotic disruption of spermatogenesis (53), a finding that is consistent with a bias toward underexpression of late-stage genes in sterile F1 hybrid males (45, (54) (55) (56) (57) . Our observation that Y chromosome introgressions alone are sufficient to recapitulate this underexpression of postmeiotic genes suggests that disruption of Y/X or Y/autosome interactions may play a role in disrupting the proper regulation of terminal differentiation, either directly via divergence of trans-acting regulatory variation on the Y chromosome, or indirectly via divergence of Y-linked functional elements necessary for proper testes development and function.
Of particular interest is the hypothesis that the Y chromosome may act as a partner in one or more Dobzhansky-Muller incompatibilities (DMI) involved in hybrid sterility in Drosophila. Interspecific divergence of heterochromatin is a potential driver of hybrid incompatibilities (52, 58) , and it likely plays a role in at least three different hybrid incompatibility systems in Drosophila: Zhr, a D. melanogaster-specific satellite repeat in the centric heterochromatin of the X chromosome that causes hybrid lethality in interaction with an unknown factor or factors in D. simulans (59); D. simulans Lhr, which together with D. melanogaster Hmr forms a lethal DMI, and localizes to centric heterochromatin (60); and Ods, which causes hybrid sterility in crosses between D. simulans and D. mauritiana (61) and interacts with Y chromosome heterochromatin (62) . An intriguing possibility is that divergence of Y-linked heterochromatic satellite DNA between D. sechellia and D. simulans leads to disruption of an interaction with an unknown partner that controls proper expression of late-stage spermatogenesis genes.
The implication of these results is that, at least in terms of gene expression in male reproductive tissue, Y/autosome or Y/X chromosome interactions may play a significant role in maintaining appropriate expression levels, either directly or indirectly via the effects of heterospecific Y chromosomes on the function and morphology of reproductive tissues. Our results highlight the role of the Y chromosome as a source of evolutionary important variation that is relevant to male fitness and species divergence. of recombination in males, assures that no foreign genetic material is segregating in our experimental lines, which previous introgression approaching using repeated backcrossing (33, 64) RNA Extraction and Microarray Hybridization. Before RNA extraction, lines were expanded in bottle culture at constant light/25°C. We froze four biological replicates of 3-to 5-d-old whole males for each Y line at −80°C, extracted RNA using TRIzol, synthesized cDNA, and hybridized two-color cDNA microarrays using previously described protocols (25) . Each of our eight samples was included in four hybridizations, each replicated as a dye swap, for a total of 32 arrays (Fig. S6 ). We scanned arrays using an Axon 4000B scanner and GenePix 6.0 software, adjusting PMT for each channel separately to obtain a distribution of Cy3/Cy5 ratios with a median close to 1. We inspected each array image and manually excluded poor-quality regions. We also excluded spots that failed to meet the following criteria: 50% of pixels greater than 1 SD above background in at least one channel, median foreground in at least one channel greater than two times the background, and number of foreground pixels greater than 25.
Statistical Analysis of Microarray Data. Raw microarray data were analyzed with Bioconductor/Limma (65), using the normexp method for background correction (66) and the loess and Aquantile methods for within-and between-array normalization, respectively (67). We only kept probes for which at least 50% of arrays had good quality data, the probe sequence had a single unique hit in the D. simulans genome, and the probe overlapped an annotated gene. In cases where multiple probes map to a single FBgn, we selected a single probe for each FBgn first by selecting the probe present in the highest fraction of isoforms, then by selecting the probe with the fewest total mismatches plus gaps to the D. simulans genome, and finally by selecting the longest probe remaining. In total, we included data from 4,299 probes. All microarray data are deposited at the National Center for Biotechnology Information Gene Expression Omnibus database with accession number GSE31907. We generated array weights to down-weight lower quality arrays (68) , and fit a linear model using Limma method lmfit (69) We also tested for withinspecies variation using F-tests in Limma on the set of nonredundant within-D. simulans and within-D. sechellia contrasts. All P values from Limma are adjusted for multiple testing using an FDR approach (70) . We focus on the 10% FDR dataset, but our conclusions are not substantially affected by using a different cutoff.
Gene Expression Datasets. For gene expression across tissues in D. melanogaster, we use the data available on FlyAtlas (37), downloaded April 2011. We filter the data to include a nonredundant set of adult tissues (brain, eye, thoracicoabdominal ganglion, crop, midgut, hindgut, tubule, ovary, virgin spermatheca, testis, accessory glands, salivary gland, adult fat body, heart, and trachea). For each Affymetrix probe in the FlyAtlas dataset, for each tissue, we set expression level to 0 unless the probe is called as "present" in at least two (of four) arrays, and then average over all probes and arrays for each FBgn to calculate an expression level for each gene in each tissue. We then calculate τ as previously described (71), and calculate tissue specificity for tissue i in a set of tissues n as:
Expression j [1] This measure of tissue specificity ranges from 0 if a gene is not expressed in tissue i to 1 if a gene is exclusively expressed in tissue i. We define genes as specific to tissue i if the tissue specificity index for tissue i is ≥ 0.90. For sexspecific gene expression in D. simulans, we use genes called as male-biased based on previously published expression levels in males and females after hybridization to custom, species-specific Nimblegen arrays (36) .
GO Enrichment Methods.
To detect significant enrichment in GO categories, we use the term-enrichment tool available as part of AmiGO (http://amigo. geneontology.org), excluding terms with "Inferred by electronic annotation" evidence only, using a Bonferroni-corrected P value cutoff of 0.05, and using the set of probes passing our QC filters as the background set.
